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Andrea E. Sand 1, Rafi Ullah 2,3,4 and Alfredo A. Correa2
The effects of incident energetic particles, and the modification of materials under irradiation, are governed by the mechanisms of
energy losses of ions in matter. The complex processes affecting projectiles spanning many orders of magnitude in energy depend
on both ion and electron interactions. Developing multi-scale modeling methods that correctly capture the relevant processes is
crucial for predicting radiation effects in diverse conditions. In this work, we obtain channeling ion ranges for tungsten, a
prototypical heavy ion, by explicitly simulating ion trajectories with a method that takes into account both the nuclear and the
electronic stopping power. The electronic stopping power of self-ion irradiated tungsten is obtained from first-principles time-
dependent density functional theory (TDDFT). Although the TDDFT calculations predict a lower stopping power than SRIM by a
factor of three, our result shows very good agreement in a direct comparison with ion range experiments. These results
demonstrate the validity of the TDDFT method for determining electronic energy losses of heavy projectiles, and in turn its viability
for the study of radiation damage.
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INTRODUCTION
The ability to accurately predict range profiles of energetic ions in
solids is an important aspect of the understanding of radiation
effects, relevant to numerous applications in materials modifica-
tion, including semiconductor processing, energy production,1
and medicine,2 as well as for the development of nuclear
technology.3 While the stopping of ions in matter has been the
focus of significant scientific effort over many decades (for reviews
see, e.g., refs. 4–6), many key questions remain unanswered,
especially concerning the role of electrons in the low-energy
regime.
The processes by which ions slow down and deposit energy
when traveling through a solid can essentially be separated into
two distinct phenomena: energy losses due to interactions with
atomic nuclei in the target material and energy losses due to
interactions with electrons, termed nuclear and electronic
stopping, respectively. Electronic stopping is the dominant
mechanism for projectiles in the MeV–GeV energy range. In the
lower energy range (~100 keV), which is the focus of this study,
nuclear stopping dominates the slowing down of heavy ions.
Nevertheless, electronic stopping power remains significant in this
energy range, to a degree that we will quantify in this paper. This
is especially true in the case of channeling ions, where nuclear
stopping is strongly reduced,7,8 as well as in the quenching stage
of heat spikes, that develop from collision cascades in primary
radiation damage events.3,9
Channeling refers to the phenomenon where projectiles travel
between atomic rows and planes in a crystalline material,10,11
leading to implantation depths exceeding the average range for
random directions by up to an order of magnitude.8 These effects
are crucial in monocrystalline materials, but may also give rise to a
long tail in the distribution of implanted ions in polycrystalline
materials.12 The deeper penetration in channeling directions is a
consequence of the lower nuclear stopping (due to the lattice
structure)12 and the lower electronic stopping (due to the lower
electron density in the channel).13,14 Hence, accurately predicting
channeling ranges requires accounting for both nuclear and
electronic interactions with the projectile.
The SRIM (stopping and range of ions in matter) software
package15 is widely used, e.g., for the calculation of ion
implantation profiles, as well as the determination of the
deposited damage energy and, from that, the standard displace-
ments per atom (dpa) measure of radiation dose.16 The SRIM code
provides an implementation of the theories of both electronic and
nuclear stopping for any given ion in any amorphous target
material. Since neither the calculation of the nuclear nor the
electronic stopping power includes any spatial information, either
regarding the ordered lattice structure of the target material, or
the local electronic structure, the calculations fail systematically for
channeled ions.12 Furthermore, since SRIM model parameters are
fitted to experiments, predictions are sensitive to experimental
errors, for example, in separating electronic and nuclear stopping
contributions.17 Hence, values obtained from SRIM carry numer-
ous uncertainties, especially for heavy ions in the low-velocity
range.5
In collision cascades, projectiles travel in random directions, and
recoils initiated in the bulk, for example, by neutron impacts or as
secondary recoils in cascades, seldom the channel. However,
atoms that have kinetic energies of the order of eV can exist in the
thousands in the later stages of energetic cascades. As a result, the
treatment of electronic stopping in the low-energy limit in
atomistic cascade simulations has a significant effect on the
predictions of the primary damage, especially in heavy elements
with dense heat spikes, such as tungsten.18,19 In the heat-spike
stage of collision cascades, atoms form a local structure
resembling that of the liquid,20 with a local density similar to
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that of the unperturbed solid. The energetic atoms in the heat
spike thus experience an electron density close to that of
equilibrium atoms. Since the electron density seen by these
atoms is lower than that visited on average by penetrating ions,
traditional electronic stopping models fail in this scenario,21
raising the need for more accurate models that take into account
the local electronic structure and density. Tungsten (W) is
currently the leading candidate material for plasma-facing
components in the design of fusion reactors;22,23 therefore,
understanding the mechanisms of radiation damage in W is
crucial for the safe operation of future fusion power plants.
Relatively recently, time-dependent density functional theory
(TDDFT) has been used to determine the electronic stopping for a
number of projectile–target combinations.24–30 Unlike the free
electron gas-based models,31 TDDFT explicitly takes into account
the effects of inhomogeneity in electron density due to the
underlying lattice structure, band structure,32 band gap,14 and
core-state excitations.33–35 Furthermore, the charge state of the
projectile need not be imposed in TDDFT calculations, but rather is
an outcome of the method itself. Hence, TDDFT provides an ideal
theoretical tool for a parameter-free determination of electronic
stopping in a variety of conditions.
In this work, we have calculated the electronic stopping power
of self-ion irradiated W within the TDDFT approach, and present a
direct comparison of predictions based on TDDFT calculations
with experimentally measured W ion ranges along the 〈100〉
channel in bulk W. Our TDDFT-based results of ion ranges show a
very good agreement with experimental ion ranges, demonstrat-
ing the accuracy and predictive power of the TDDFT method of
calculating electronic stopping, and its applicability to heavy
transition metals, such as W.
Experimental investigation of the electronic stopping of
channeled ions is possible in the low-velocity range due to
the reduced nuclear stopping when compared with that of
random trajectories. However, even in perfectly channeling
conditions, nuclear stopping cannot be completely disregarded
in the limit of low-projectile velocity. The comparative impor-
tance of nuclear and electronic stopping power has been
explicitly investigated by Eriksson et al.36 from experimental ion
ranges in the 〈100〉 direction in W. We use these data to make a
direct comparison with the electronic stopping predicted by our
TDDFT calculations.
RESULTS AND DISCUSSION
We have used TDDFT in the time-dependent Kohn–Sham
formalism to determine the electronic stopping power of W ions
in the 〈100〉 channel in W, as detailed in the Methods section.
Figure 1 shows the nonadiabatic asymmetric variations (wake) in
the electron density around the heavy W ion predicted by the
TDDFT model. Our calculations yield a stopping power roughly
linear in velocity, in the range of velocities studied here, as
expected of a metal. We compare our results to the predictions
from SRIM, as well as to the experimental results of Eriksson et al.36
As shown in Fig. 2, the TDDFT electronic stopping power is
significantly lower than the SRIM values. Such lower value is to be
expected based only on local electron density considerations,9
since SRIM values are targeted to amorphous materials, or to
random trajectories, situations at which the relevant electron
density is higher, while our calculations are in channeling
conditions.
Taking the local electron density in the channel into account,
theoretical predictions, e.g., of the Firsov model, improve
agreement with experimental results in two distinct channels in
W.36 Although the W ion is not one of those for which electronic
Fig. 1 Electron density change induced around a W projectile in the
〈100〉 channel, traveling with a velocity of 0.5 a.u. The density is
calculated from time-evolving electronic states. The scale bar in the
bottom righthand corner has a length of 2 Å
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Fig. 2 a Electronic stopping power of W in the 〈100〉 channel in W
as a function of projectile velocity, determined with TDDFT, and
compared with SRIM values for W in amorphous W. To show the
relevance of deep semicore states,35 open triangles (“W20”) consider
explicitly 4 f electrons in the projectile—a total of 20 explicit
electrons instead of 12 valence electrons (“W12”), see the Methods
section for details. b The TDDFT-determined electronic stopping of
channeled W ions in W (square) compared with experimentally
determined values of the electronic stopping power for various
other species in the 〈100〉 channel in W (open circles). All values are
for ions with v= 1.5 × 106 m/s (0.7 a.u.). Experimental points are
taken from ref. 36, with the dotted lines drawn as a guide for the eye,
sketching the Z1 oscillations (see text)
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stopping was determined directly in the reported original
experiments, our value of Se= 14.15 × 10
−14 eV cm2/atom at v=
1.5 × 106 m/s falls within the expected range compared with the
experimental values for other ions (Fig. 2). The experimental
results36 presented in Fig. 2 also clearly show a Z1 oscillation in the
stopping power, which was later explained based on a considera-
tion of the ionic radii.37
Eriksson et al. have reported the range of channeled W ions
in W for a single projectile energy of 50 keV, finding a value of
Rmax= 3289 Å for the 0.1% of ions that penetrate the deepest into
the sample.36 Since this single data point did not allow a
determination of the magnitude of the electronic stopping for the
W ion, we instead use the measured range to make a direct
comparison of the maximum range of channeled W ions in W
predicted with the electronic stopping power from TDDFT. In this
case, the contribution of nuclear stopping (or more generally
ion–ion scattering) is non-negligible, as demonstrated in Fig. 3a,
which compares the range of an ideally channeled ion, with nuclear
and electronic stopping, to the distance traveled by a projectile
subjected to purely electronic stopping as the retarding force. As
illustrated in Fig. 3b, and as expected based on channeling theory11
and experiment,36 the magnitude of the nuclear stopping power in
the channel is indeed negligible compared with the electronic
stopping power. Nevertheless, as shown in Fig. 3a, the absolute
range of a channeled ion is still strongly affected by the nuclear
stopping contribution to the total stopping.
For the calculation of ranges with only electronic stopping,
Newton’s equation of motion for the projectile was integrated
with the electronic stopping power applied as a velocity-
dependent antiparallel force, the strength of which was
determined by interpolating the TDDFT values (Fig. 2a), and no
nuclear interactions were active. For the range calculation with full
nuclear and electronic stopping, the Ziegler–Biersack–Littmark
(ZBL) repulsive potential4 was used to model the interactions
between the projectile and atoms along the channel, and in
addition, the electronic stopping was applied as an antiparallel
force. The stopping power was calculated for ions with kinetic
energy above 0.1 keV. However, a 1-keV ion only travels 37 Å
along this idealized trajectory, and for kinetic energies below
1 keV, the concept of channeling becomes less applicable. In
particular, the range becomes smaller than the spatial resolution
of the experimental measurement. Also, the range of the ion
quickly decreases to the order of the lattice parameter, and hence
a quantitative value from computations becomes increasingly
sensitive to the position along the channel. We include the
computed values in the extreme low-energy range in Fig. 3 for the
sake of academic interest. To obtain the total stopping power
(shown in Fig. 3b), the curve in Fig. 3a was differentiated, following
the experimental method of Eriksson et al., to yield S= ΔE/ΔR. As
in experiments, this yields a curve which approaches the
characteristic ∝E1/2 dependence of electronic stopping as the
projectile energy increases. The same procedure was applied to
the range curve for the distance traveled with only electronic
stopping. The latter calculation recovers the interpolation of the
input electronic stopping values, which are included in the plot for
comparison.
Although the effective nuclear stopping power acting on
(ideally) channeled W ions at 50 keV indeed appears negligible,
compared with the magnitude of the electronic stopping power,
the maximum predicted range at this energy nevertheless
increases by 57% if nuclear stopping is disregarded. For reference,
in an idealized channeling trajectory, i.e., straight down the exact
center of the 〈100〉 channel, the distance traveled by a 50-keV W
ion experiencing both ion–ion interactions (ZBL) and electronic
stopping (with the magnitude predicted by our TDDFT calcula-
tions) is 3841 Å, while for motion retarded only by the TDDFT-
predicted electronic stopping, a projectile with initial kinetic
energy of 50 keV travels as much as 6045 Å. Of this, 940 Å is
traveled by the ion after the kinetic energy has been reduced to
1 keV (compared with 37 Å under full stopping), due to the
electronic stopping tending to zero in the low-velocity limit. This
result underpins the critical importance of nuclear stopping while
studying range profiles of channeled ions.
In an actual channeling experiment, ions rarely travel down the
exact center of the channel, but rather oscillate between the
neighboring atom rows. Hence, the nuclear scattering is stronger
than for the ideally channeled trajectory presented above,
resulting in an overall higher nuclear stopping, and as a result,
the range is generally shorter than that plotted in Fig. 3. In this
work, we simulate the ranges of realistic projectile trajectories
using a molecular dynamics-based method, to explicitly account
for the nuclear stopping contribution. Interactions of the projectile
with the atoms in the target material are calculated using the full
MD formalism, with the interaction described by the ZBL repulsive
potential.4 Simulations thus take into account the crystal structure
of the target material, and also explicitly include many-body
interactions. The electronic stopping is included in the calculation
as an extra antiparallel force acting on the projectile. To obtain a
direct comparison with the experiments of Eriksson et al.,36 we
simulated the ranges of ions incident on the bcc crystal at angles
randomly chosen within 0.1° of the 〈100〉 direction.
Since the realistic projectile does not travel in a perfectly
straight line down the center of the channel, the question arises of
the variation in the impact parameter, and whether the electronic
stopping obtained by TDDFT in the center of the channel is
representative of the electronic stopping along the whole
trajectory. To answer this, we have statistically analyzed the paths
of the 260 most strongly channeled ions. We find that the
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Fig. 3 a The maximum range of a perfectly channeled ion, for initial
kinetic energies above 0.1 keV, with, and without the ion–ion
interaction contribution (responsible for nuclear stopping) to the
slowing down of the ion. b The total and electronic stopping
powers, obtained by differentiating the curves in a. The experi-
mental ion energy of 50 keV36 is indicated with arrows in both plots
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projectile oscillates between the rows of atoms making up the
edges of the channel, with a period of roughly 500 Å, in
agreement with channeling theory.11 The experimentally mea-
sured range of channeling ions is given by the depth at which the
range distribution sharply drops off to zero, and therefore is
determined solely by the ions that channel the furthest. We find
that these ions never leave their initial channel; thus, the
prediction of the range of the channeled ions is unaffected by
trajectories outside the central region of a channel.
When projected in the plane perpendicular to the channel, the
trajectory of the channeled ion gives an indication of the electron
density explored, which in turn defines the relative importance of
the electronic stopping predicted for different regions of the
channel. Typical trajectories, represented as probability distribu-
tions, are shown in Fig. 4. For the projectiles that travel the
furthest, the trajectory typically deviates <0.4 Å from the channel
midpoint. Over this region, the explored electron density remains
within 0.01 a.u. of the central value (see Fig. 4). We note that
recent results38 indicate that the electron density alone is not
enough to fully characterize the local electronic stopping. Rather,
shell and band structures in relation to the projectile velocity need
to also be accounted for. For increasing velocities, deviations from
the center of the channel can be expected to have an increasing
effect, due to deeper core states being excited. Nevertheless,
based on the study in Ni,38 as well as on our own calculations in W,
ions in the velocity range studied here potentially display an
increase in the effective electronic stopping by a nontrivial factor
of around three for trajectories deviating from the center of the
channel. Thus, the electron density described by the 12 explicit
electrons, as shown in the top panel in Fig. 4, provides an
indication of changes in the magnitude of the local stopping
power. However, a full study of energy dissipation channels in
random trajectories is beyond the purpose of this paper.
We have also investigated the effect of the thermal displace-
ments of the target atoms on the channeled trajectories using a
Debye model.39 We find that displacement disorder adds a non-
perturbative element of randomness to the trajectories, increasing
the average nuclear stopping and decreasing the range. Although
this slightly widens the region visited by the projectiles, those that
travel the furthest nevertheless remain within the constant
electron density region of the channel. However, the increased
probability of ejection from the channel qualitatively changes the
differential range profile.
Figure 5 illustrates the range of impact parameters (defined as
the perpendicular distance from the projectile to the nearest row
of atoms) experienced by ions along a number of different
trajectories. There is a clear correlation between the depth that a
trajectory reaches, and the proximity of the trajectory to the
neighboring atoms. The physical electronic stopping power Se=
dE/dx will be stronger than that predicted by channeling TDDFT
(Fig. 2a) for ions that pass nearer to the neighboring atoms;38
hence, the final depth of trajectories that see large distances Δx
traveled at the low-impact parameter are likely overestimated in
this work, where we have used the center-channel Se value.
However, only the deepest 0.1% of ions contribute to the
measured Rmax value, and for these, the impact parameter
remains large throughout the trajectory, making the channeling
assumption (for the TDDFT calculation) retrospectively valid.
Fig. 4 Lower panel: Two trajectory densities of strongly channeled
ions in the W lattice (with lattice parameter a= 3.16 Å) projected in a
perpendicular plane cut, on the left in a lattice with negligible
thermal displacements, and on the right at 300 K. Green and purple
balls represent atoms in different planes. Top panel: The electron
density in the channel, plotted as a function of position (in terms of
the lattice parameter a) perpendicularly across the midpoint of the
channel, and across the channel over a point halfway between the
channel midpoint and the nearest row of atoms, in the plane of the
green atoms in the figure. By symmetry, the green line also
represents the density across the midpoint of the channel 0.25 a
below the plane of the green atoms Fig. 5 The range of impact parameters experienced by channeling
ions. Each histogram shows the distance Δx (Å) traveled at various
impact parameters (the perpendicular distance to the nearest host
ion in the channel) for individual trajectories. For example, an ion
reaching 3810 Å spends all the time at an impact parameter larger
than 1.4 Å, (no more than 0.2 Å from the center of the channel) and
traveling at most 550 Å in each of the discretized (binned) distances;
an ion reaching 3262 Å spends all the time at an impact parameter
larger than 1 Å, traveling no more than 200 Å at any particular
impact parameter. For comparison, a perfectly channeled ion,
exhibiting no deviation from the center of the channel, reaches
3840 Å. Ion trajectories included in the 0.1% determining the
simulated Rmax are shown in yellow to red hues, while trajectories
that reach a shallower depth, and hence do not contribute to the
Rmax value, are shown in blueish hues. The total distance of each
trajectory is indicated above the corresponding line. The histograms
are shifted upward in steps of 200 Å for clarity
A.E. Sand et al.
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Hence, we conclude that an electronic stopping power that is
independent of position is a valid approximation for the
quantitative determination of the maximum range carried out in
this study.
Figure 6 shows the simulated integral and differential range
distributions for 50-keVW atoms in the 〈100〉 channel at 300 K,
using the electronic stopping power predicted by TDDFT. For
comparison, we have also plotted the range distributions
simulated at various other temperatures. We note that the model
for thermal fluctuations used in this work generates displacements
that tend to zero at 0 K,39 and hence does not account for
quantum mechanical zero-point vibrations. (It is used here at low
temperature (T < TDebye) only as a model system to illustrate the
effects of atom displacements on channeling trajectories.) We also
plot the range distribution simulated at 300 K using the SRIM
values for the electronic stopping, and show the effect of
uniformly scaling the SRIM values toward the values predicted
by TDDFT. Each curve is obtained from 1 million individual ion
trajectories. The experimentally determined range Rmax, defined as
the point where 0.1% residual activity is measured (i.e., 0.1% of the
ions have reached a point beyond this depth), is indicated in the
figure. The experimental measurement was performed at 300 K,
and is reported to have an uncertainty of about 3%, indicated in
the plot with a horizontal error bar.
The simulated range at 300 K is 5% deeper than the
experimental Rmax, which is beyond the estimated uncertainty of
the experimental measurement, but is nevertheless realistic when
considering the differences between the experimental and
simulation conditions. The experiments were conducted under
normal vacuum conditions (as opposed to ultrahigh vacuum);
hence, a thin layer of oxide (~10 Å) likely covered the tungsten
sample.36 A surface oxide layer causes dispersion in the direction
of the incident ions, such that even a few atom layers of oxide
could give rise to a reduction in the depth of the measured Rmax
value by a couple of percent for low-energy ions.8 In addition, as
the repeated implantation progresses, the amount of lattice
damage caused by the projectiles will steadily increase. It was
shown by the same authors in a companion paper,40 that
accumulated lattice damage can, for high doses, significantly
decrease the maximum channeled range. In the case considered
here, of 50-keVW ions incident on a W target, the damage is
concentrated in the first 10 nm below the surface (corresponding
to the first shallow peak in Fig. 6b, which gives the penetration
depth of non-channeled ions). Although the total dose was kept
relatively low,36 the highly damaged near-surface region can be
expected to have a similar, and additional, dispersive effect as the
thin surface oxide layer. In the simulations, we do not account for
surface contamination, and the lattice is taken as the perfect bcc
lattice, with only thermal vibrations misaligning the atomic rows.
Therefore, a deeper range can be expected from simulation, even
with an accurate electronic stopping, after the modeling
simplifications. In addition, one cannot discount the possibility
of local irradiation-induced heating occurring during the experi-
ment, and the simulations show that even a 50° increase in
temperature will decrease the range by 2%. Furthermore, the ZBL
repulsive potential also has an uncertainty of up to about 10%,4
and while the largest errors appear at interatomic distances closer
than those relevant for channeling trajectories,41 this may
nevertheless lead to an uncertainty in the simulated total nuclear
stopping. Considering these factors, and the fact that our
simulation method has no fitted parameters, the agreement
between experiment and simulation is very good.
The differential range distribution observed in experimental
range measurements generally displays a characteristic double-
peaked distribution for heavy ion projectiles in the energy range
of 100’s of keV, which is not apparent in range distributions of
lower-energy projectiles.36,40 We see the double-peaked distribu-
tion clearly in the simulated ranges of 50-keVW ions using the
SRIM electronic stopping value. However, for decreasing electronic
stopping power, the second peak is diminished, as the maximum
distance the projectiles can travel increases. The double-peaked
distribution is recovered when the displacement disorder is
suppressed, as shown in Fig. 6, providing qualitative agreement
with the characteristic distribution seen in experiments.40
Eriksson40 observes a slight decrease of Rmax at higher
temperature, but notes that the magnitude of the shift is still
roughly within the error of the measurement. This tacit conclusion
that temperature effects are negligible is based on the reasoning
that mainly electronic stopping causes the slowing down of
“perfectly” channeled ions. From our simulations, however, we see
that increased temperature affects the channeled trajectories (see
Fig. 4), introducing a chaotic aspect as well as widening the
transverse region that the ion visits, and thus increases the nuclear
scattering of the projectile. This increases the contribution of the
nuclear stopping also for strongly channeled ions, resulting in a
decrease in Rmax with increasing temperature.
In conclusion, our TDDFT calculations yield a stopping power for
W ions in the 〈100〉 channel in W, which ultimately gives a
prediction of the maximum ion range in very good agreement
with experiments. Agreement is found based on two different
ways of extracting the value of the electronic stopping power
from experiments. Both the simulated and experimentally
deduced values are significantly lower than the average stopping
power for random trajectories given by the predictions of SRIM
and the Firsov model. Hence, the saturation of the predicted value
of the electronic stopping power for an increased number of
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explicit core electrons, as seen in the TDDFT calculations in this
work (triangles in Fig. 2a), provides strong evidence that the
energy dissipation channels have been accounted for.35 Further-
more, convergence of the TDDFT calculations constituted a more
dependable indication for a correct prediction in the collision
cascade relevant projectile energy range, than comparison with
the SRIM value, particularly in the crystallographic directionally
dependent trajectories investigated here. This work demonstrates
the applicability of the TDDFT method for determining the
electronic stopping of heavy W projectiles in a W target, and the
significant effect of the local environment on the magnitude of
the stopping power.
METHODS
The real-time TDDFT calculations determining the electronic stopping
power were performed according to the method described in refs. 25,42,
using the Qb@ll code,43 with custom time-dependent modifications.42,44
The adiabatic local density approximation (ALDA)45 was used to represent
the exchange and correlation functional. While it has been shown that the
nonlocality of the dynamical exchange and correlation potential in the
linear-response regime has an effect in calculations of the electronic
stopping of slow ions in a uniform electron liquid,46 the results of our work
indicate that the magnitude of such corrections in the domain investigated
here are below the sensitivity of applications to atomic dynamics, such as
in the study of ion ranges. A practical advantage of the ALDA is that it is
readily available in the context of real-time TDDFT.
A supercell was constructed with 108 atoms, arranged in 3 × 3 × 6 body-
centered cubic unit cells, with the experimentally measured lattice
constant of 3.16 Å.47 The W projectile was placed at the center of the
〈100〉 channel, for which a self-consistent ground state of the system was
calculated using standard DFT. The projectile was then given a constant
velocity down the center of the channel. Since the total time in these
simulations is less than a few femtoseconds, the host ions do not have
time to measurably relax or move, and were kept constrained to their
equilibrium positions to simplify the analysis. The electronic stopping
power was determined by the energy uptake of the electronic subsystem
as a function of the projectile displacement.
Electrons are represented by time-evolving Kohn–Sham states. We used
norm-conserving nonlocal pseudopotentials, factorized in the
Kleinman–Bylander form48 to represent the ion–electron interaction.
The electronic stopping convergence with respect to core electrons of
the projectile was tested using 12 and 20 explicit electrons in the W
pseudopotential. Ullah et al.35 recently showed, in a study of Ni, that, at
large enough energy near the maximum of stopping, the deep core states
of the projectile provide a critical contribution to the energy dissipation,
while the core states of the target have less impact. As shown in Fig. 2,
taking into account 12 explicit electrons for the W projectile was found to
be an already good representation of the system in the velocity region (v <
1.0 a.u.) examined in this work. Kohn–Sham states (wavefunctions) are
expanded in a plane-wave basis. After testing the convergence of
electronic stopping power with respect to the cutoff energy for the
plane-wave basis, a value of 140 Ry was used. The initial Kohn–Sham
wavefunctions were evolved in time using the fourth- order Runge–Kutta
integrator, as described in ref. 42. Forces and energy deposition were
monitored to obtain the prediction of the electronic stopping power.6 A
time step of 0.01 a.u. or smaller was used. Possible finite size effects were
considered by increasing the size of the supercell, which did not
significantly affect the resulting electronic stopping power.
Ion ranges were simulated using the MD-based method of the
MDRANGE code.49 An initial simulation cell of 9 × 9 × 9 body- centered
cubic unit cells with the experimental lattice constant a0= 3.16 Å was
created and replicated on-the-fly along the ion path as the ion progressed
into the material during the simulation. Ions were initiated from random
positions near the surface of the target, and the simulation was carried out
until the ion kinetic energy had decreased to 1 eV. The interactions
between the ions and the target atoms were modeled using the ZBL
repulsive potential.4
Interactions between individual target atoms are disregarded in the
MDRANGE method. However, initial thermal displacements from perfect
lattice positions in the target material are implemented based on the
Debye model, with a procedure described in detail in ref. 39. Hence, effects
due to the instantaneous thermal displacements of target ions from the
perfect lattice sites are captured. This method results in a computational
efficiency approaching that of simulation methods based on the binary
collision approximation (e.g., the method used in SRIM), while retaining the
accuracy of full MD.49
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